A theoretical study is conducted to investigate the nonlinear properties of a one-dimensional ͑1D͒ periodic stratified structure with time-varying dielectric constants. When the dielectric constant is modulated temporally, the distributed Bragg reflector exhibits different throughputs depending on the modulation amplitude. Below or at the critical value, a periodic and stable femtosecond pulse train is generated; above this critical value, the modulational transparency is observed, as the reflectivity decreases rapidly, so that all incident radiation is completely transferred through the layered media. When the layer number is up to 15, the pulse train generated at the critical value is periodic with perfect reflectivity and zero rejection. These excellent optical properties may enhance the potential applications of the 1D periodic stratified structure in optical switches and laser optics. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2410231͔
These nonlinearities are based on the intensity-dependent Bragg condition, modulational instability, and grating dispersion. The Kerr nonlinearity of the dielectric material also results in solitary waves within the band gaps, known as "gap solitons." 8, 9 Additionally, self-induced transparency was produced by pulse transmission through near-resonant media embedded within a periodic dielectric structure. 10 In this letter, modulational transparency is demonstrated in a 1D periodic dielectric structure illuminated with an incident continuous wave, due to the time-varying dielectric constants modulated simultaneously by another intense beam. Recently the direct picosecond measurement of nonlinear refractive index change in In 0.530 Al 0.141 Ga 0.329 As/ In 0.530 Ga 0.470 As multi-quantum-wells in the spectral range of 1480-1550 nm was reported, and the large nonlinear index change with low threshold was found to be up to 0.14 at a fluence of 116 J/cm 2 .
11
The 1D layered structure is arranged with N unit cells in such a way that alternating layers have different widths of b and a and different indices of refraction n 2 ͑0 Ͻ y Ͻ b͒ and n 1 ͑b Ͻ y Ͻ⌳͒ with a period of ⌳ = a + b, where the y direction is perpendicular to the layers. For TM waves, the equation for the electric displacement D y is derived as 
where k is the free-space wave number and = ck. Without losing the generality, r2 ͑Јt͒ ͑Ј = / , Ͼ 0, which means that the modulation frequency can be different from that of the incident light͒ can be assumed as
where b n ͑n =0,1, ...͒ is the expansion coefficients and 0 is the initial phase. In this case, the solution of Eq. ͑3͒ can be assumed to follow a Floquet form as
where is the characteristic exponent and c n is the coefficient to be determined. Substituting Eq. ͑5͒ into Eq. ͑3͒ and stipulating that b −n = b n , a series of simultaneous equations for the coefficients c n can be obtained as 
The condition of the existence of solutions for Eq. ͑6͒ is
Based on the properties of ⌬͑͒, there is a simple formula for the determination of ,
͑8͒
Thus the coefficients c n in Eq. ͑5͒ can be determined accordingly from Eq. ͑6͒. In addition, for N-period Bragg reflectors with steady dielectric constants, the solution of Eq. ͑2͒ can be obtained by using the transfer matrix method. 13 Therefore, the reflectivity of the N-period Bragg reflector with time-varying dielectric constants can be obtained as
where In the following calculations, it is assumed that the dielectric constant of the stratified media varies with time as 1/ r2 ͑Јt͒ = a 0 + a 1 cos͑2Јt͒, where a 0 is the mean value and a 1 ͑0 Ͻ a 1 Ͻ a 0 ͒ is the variable amplitude. Figure 1 shows the exponent varying with the parameter a 1 at a 0 = 0.95 and = / Ј = 1. Here there exists a critical value at a 1 = 0.1. Below the critical value, the imaginary part of is zero. When the light intensity is increased and a 1 reaches the critical value, the real part Re͑͒ is equal to 1 and the imaginary part Im͑͒ has two branches, symmetrically positive and negative, which correspond to the attenuation and amplification of the reflectivity as time goes on. For physical realizations, the negative branch is canceled. The branch shows the appearance of the nonlinearity when the light intensity is increased so large that it reaches the threshold ͑i.e., critical value͒. Here Im͑͒ can be considered as a viscous damping factor of the reflectivity, and the Bragg reflectors could be thought as a damping system. Figure 2͑a͒ shows the critical values of a 1 varying with the parameter at a 0 = 0.95. The critical values are observed within a narrow V-type region ͑0.84ഛ = / Ј ഛ 1.36͒. The V-type region is an asymmetric near-resonant band, whose center is shifted to a = 1.0258 due to the damping. At a = 1.0258, the critical value a 1 = 0, which means that any tiny variation of the refractive indices will lead to a decreasing reflectivity. Figure 2͑b͒ shows the critical values of a 1 varying with the parameter a 0 at = 1 and the different central values a with a 0 . When a 0 is increased from 0.8 to 1.0, with = 1, the critical value of a 1 decreases linearly from 0.39 to 0, and a also decreases almost linearly from 1.12 to 1.0.
Owing to its large refractive index change ͑up to 4.12%͒ at 1510 nm, 11 In 0.530 Al 0.141 Ga 0.329 As/ In 0.530 Ga 0.470 As dielectric periodic structure is adopted for the theoretical simulation. Figure 3 shows the real-time reflectivity spectrum of the N-period Bragg reflector at the frequency of ⌳ / c = 2.33 and the incidence angle of = 65°for TM waves. To interpret these results in terms of real units, we use the following parameters: incident wavelength = 1510 nm, ⌳ = 560 nm, the indices of refraction of the layers are n 1 = 3. which is the corresponding critical value, the performance of the reflectivity is the best, with the highest peaks and the lowest rejection ͑almost equal to 0͒. For the small layers ͑for N = 3 and N =7͒, when a 1 is below the critical values, for instance, a 1 = 0.01, the reflectivity is less than 1.0 with higher rejection. When the layers increase, the efficiency increases. This implies that the coherent effect is reinforced. It can be noted that when the modulation amplitude a 1 is at the critical value, the reflectivity at N = 15 is saturated and a perfect periodic pulsing is generated. On the other hand, when a 1 = 0.04 is above the critical value, the wave propagation is suppressed as if the system is becoming absorbing. The higher the a 1 above the critical value, the larger the absorbing effect. The reflectivity in this case is instant and unstable, because of the rapid evanescence. The medium is then instantly becoming transparent since the incident light goes through it totally. This phenomenon is known as the modulational transparency, which corresponds to a very low dielectric constant. From Fig. 3 , the periodicity of the pulse train can also be tuned by = / Ј. This property may be very useful in laser optics. Therefore, when the input frequency is near the modulation frequency ͓0.84ഛ = / Ј ഛ 1.36, as shown in Fig.  2͑a͔͒ , the Bragg reflectors allow the steady-state pulse train ͑at or below the critical values͒ or modulational transparency when the reciprocal of the dielectric constant is increased with the varying amplitude above the critical value. The physical mechanism of the pulse train generation is the optically induced changes in the Bragg condition for coupling between forward and backward waves within the structure. For the time-dependent dielectric constant, when the Bragg condition is satisfied, the incoming reflection is chosen to have a steady-state pulse train in the time domain. However, when the varying amplitude is increased above the critical value, the Bragg condition cannot be satisfied and the system reflectivity is rapidly diminished to nil, so that the modulational transparency in the nonstationary periodic media is observed.
In conclusion, the nonstationary electric displacement equation for the 1D periodic stratified structure is derived. With the variation in the dielectric constant, the light reflected can be periodic or evanescent depending on the critical value of the modulation amplitude of the dielectric constant. Below or at the critical value, a steady pulse train is formed; above the critical value, the reflectivity is evanescent and the transparency effect is observed. The transparency effect and the steady pulse train with the excellent optical properties at the critical value may further enhance the potentials of the 1D periodic stratified structure in optical communications.
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